Laboratory testing has increased dramatically over recent decades, which is a consequence particularly of repeat testing or monitoring, as either a response to treatment or follow-up.
INTRODUCTION
The use of laboratory tests has increased dramatically over the last decades. While some of this increase has provided clinical benefits, some also reflects inappropriate test ordering. [1] [2] [3] [4] Repeat testing is a major, and growing, component of all laboratory testing, 5 with at least some likely to be unnecessary. 6 Although the repeat testing may be for relatively simple tests, the high volume of such tests makes the issue important.
Lipid measurement is essential for calculating an individual's overall risk of coronary heart disease (CHD): 7, 8 high total cholesterol, 9 high low-density lipoprotein (LDL), 10 and low high-density lipoprotein (HDL) 11 cholesterol are associated with increased risk. The risk-prediction charts of the Joint British Societies use total cholesterol or the total-to-HDL cholesterol ratio, 7 making these the most commonly measured blood lipids. LDL may be measured directly, but is more commonly calculated using the Friedewald formula, which requires triglyceride measurement. 12 Introduced in 1987, statins (or 'HMG-CoA reductase inhibitors') have made a dramatic difference to lipid management, being particularly effective in reducing LDL cholesterol. 13 Cholesterol lowering using statins reduces CHD mortality among those at both moderate and high risk of CHD, [14] [15] [16] [17] [18] [19] [20] [21] with moderate risk defined as 15-30% and high risk as ≥30% for a 10-year CHD event. 7, 22 The number of statin prescriptions has grown by 30% annually, with UK statin expenditure increasing from around £20 million in 1993 to over £113 million in 1997, 18 and to £700 million in 2004, representing 9.1% of prescription costs of the National Health Service (NHS). 23 Atorvastatin and simvastatin represent the top two drug costs in England (£360 and £251 million respectively). 24 National Institute for Health and Clinical Excellence 2006 guidelines propose the use of statins for both primary and secondary prevention of CHD, stating that the statin with the lowest acquisition costs should be used. 25 The annual NHS bill for statins was predicted to have been more than £2 billion in 2010. 23 Whether the rise in statin usage has been paralleled by a rise in cholesterol testing and monitoring has not been systematically studied. Cholesterol tests account for about 2.5% of all biochemical tests, and treatment guidelines recommend at least annual monitoring of lipid levels for patients on lipid-lowering therapy. 26 However, it has been suggested that, because of the weak signal-to-noise ratio in measuring cholesterol level, frequent monitoring of cholesterol might reflect measurement error rather than true changes, 6 and less frequent testing of cholesterol, such as every 3 to 5 years, might be warranted in compliant patients who have reached their target levels: it took almost 4 years for long-term variation to exceed short-term variation. 6 Results were similar in apparently healthy patients not taking cholesterol-lowering medication. 27 This implies that testing of both at-target treated and healthy non-treated patients more than once every 3 years may be unnecessary.
This study examined the patterns of cholesterol testing within Oxfordshire, UK, over a 20-year period from 1987 to 2007. This study aimed to: (1) report the change in the number of cholesterol tests during the 20-year period by source (primary or secondary care) and patient demographics (age, sex); (2) calculate the number of tests by 3-year period and estimate the proportion of tests for monitoring rather than diagnosis, and the proportion that may be unnecessary; and (3) relate frequency of testing to estimated changes in mean cholesterol levels.
METHOD
The Department of Clinical Biochemistry at the Oxford Radcliffe Hospitals NHS Trust serves the population of Oxfordshire and parts of several neighbouring counties (primary and secondary care), as well as tertiary care for several counties. The service is provided through laboratories within the John Radcliffe and Churchill hospitals in Oxford and the Horton Hospital in Banbury. The Department performs more than 5.7 million tests a year, and has an 'M'-based laboratory information management system with complete data going back to the mid1980s. The standard laboratory practice throughout the period was to undertake all of, and only, those tests ordered by the requesting clinician.
The laboratory information management system was searched for all total cholesterol, HDL cholesterol, and triglyceride measurements over the period from 1987 to 2007. For each specimen, the patient's hospital or NHS number (where known), and their surname, forename, sex, date of birth, the date of the specimen, the requesting physician, and his/her location were also recorded. As consultant head of the Department of Clinical Biochemistry, one of the researchers has full access to the data; no one outside the department was given access to data that were not fully anonymised or aggregated.
The NHS number was used to link records. For the 5% of records overall with no NHS number (the proportion was greater in earlier years), patients' surname, forename, sex, and date of birth were used to match with those already linked using NHS numbers. Data were then anonymised. For each patient, the dates of the first and last specimens, and the number of specimens in each year were determined. Data were then considered in 3-year periods. While the purpose of tests (screening or monitoring) was not recorded, in each 3-year period all tests beyond the second (third and subsequent specimens) were considered likely to be for monitoring rather than diagnosis: either as a response to treatment or for longer-term follow-up.
Similarly, it was not known which patients were being treated and, of these, which were at target. A sensitivity analysis was used to estimate a range of possible values for the proportion of unnecessary tests, assuming that only the first test in each 3-year
How this fits in
Counter to common perception, the pattern of laboratory testing of lipids shows a close link to publication of research and guidelines. A slight fall in testing followed the call for a moratorium on cholesterol treatment published in the British Medical Journal; then in the mid-1990s the publication of the major statin trials was followed by a steep rise in testing that preceded guidelines and the quality frameworks. There are several clinical messages: appropriate testing has increased and cholesterol levels appear to be lowered, particularly in older patients (appropriately so). However, based on recent evidence-based recommendations, there also appears to be considerable over-monitoring that is straining laboratories without necessarily benefiting patients. period may be necessary for patients, both treated and untreated, who are at target 6, 27 while for those patients who have yet to attain target levels, more frequent (for example, annual 26 ) testing may be warranted. The proportion of unnecessary tests was thus estimated to lie between the fourth or more (that is, those tests that were more frequent than annual) to the second or subsequent tests in each 3-year period. As the individuals in the sample will have comprised both those who were at target and those who were not, the true value, based on current evidence-based recommendations, is likely to lie within this range.
Statistical methods
Data were analysed using R. 28 To assess factors related to cholesterol level, a series of maximum likelihood mixed effects linear regression models were fitted to the data. 29 These models allow for correlation between repeated measurements and for both fixed and random effects. Person ID was fitted as a random effect; fixed effects included sex, age, and age-squared (to allow for the observed nonlinearity of the relationship between age and cholesterol), time since first test, specimen number, testing period (up to 1995 versus after 1995), and the interaction between specimen number and testing period.
RESULTS
Over the two decades, the number of total cholesterol requests per year increased more than 10-fold from 10 193 For all three analyses, most of the increase in requests originated from requests made in primary rather than secondary care: 28-fold versus 1.8-fold for total cholesterol, 26-fold versus 1.9-fold for triglycerides (both 1987 to 2007), and 223-fold versus 81-fold for HDL (1992 to 2007) respectively ( Figure 2 ). The proportion of specimens from females increased from 40% to 50% over this 20-year period. 
Tests per person

Monitoring versus diagnosis
The number and percentage of tests likely to be for monitoring (three or more tests) or diagnosis (one or two tests) within each 3-year period are shown in Table 1 
Necessary versus unnecessary tests
The proportion of tests in this dataset that were potentially unnecessary ranged from 17% (≥4th test) to 47% (≥2nd test) in 1987-1989, fell in 1993-1995 to 13-43%, and rose to 42-79% in 2005-2007 , which represents between 143 417 and 269 743 unnecessary tests during the last 3-year period (Table 1) .
Changes in mean cholesterol
Mean cholesterol levels fell over the period from 6-7 mmol/l in 1987 to around 5.0 mmol/l in 2007. The levels had a non-linear relationship with age, with the values peaking at 60-69 years. Figure 4 shows the mean total serum cholesterol values and standard deviation bars stratified by number of tests and 3-year period. Mean cholesterol levels are generally higher in those having more tests before 1999-2001, and lower after this. The solid line in Figure 4 shows the mean cholesterol level over the 3-year periods for those being tested for diagnosis only (one or two tests per period), while the dotted line shows levels for those whose tests were assumed to be for monitoring. Levels associated with monitoring decreasing markedly over time, reaching lower values than those for the accompanying diagnostic tests during [2005] [2006] [2007] . Mean cholesterol levels at each test for patients with increasing numbers of specimens within each 3-year period are shown in Figure 5 . Mean values generally decrease with each additional test in each 3-year period, and in all but the later years are higher the greater the overall number of tests requested.
The mixed models showed that cholesterol was associated with sex (mean levels in males were 0.53 mm/l lower), age (patients in middle age generally having higher cholesterol levels: every year of age increased cholesterol by a mean of 0.103 mmol/l, with the non-linearity of the age effect indicated by every age-squared decreasing the cholesterol level by a mean of 0.001 mmol/l), number of specimens (with every extra specimen per 3-year period increasing the cholesterol by a mean of 0.011 mmol/l), period of testing (cholesterol levels lower after 1995, by a mean of 0.77 mmol/l), and time since first test (cholesterol decreased by a mean of 0.086 mmol/l every year). Because of the large sample size, each estimate is precise and highly statistically significant (P<0.0001).
The changing pattern of the relationship between specimen number and mean cholesterol in the later compared with the earlier periods (Figures 4 and 5 ) was shown by a significant interaction term between specimen number and period, which indicated that after 1995 each additional specimen was associated with a mean reduction in cholesterol of 0.02 mmol/l. This is an overall effect; the reduction is greater in later periods (Figure 4) . The mean overall decrease of 0.49 mmol/l associated with specimens collected after 1995 remained, together with the overall relationship between number of specimens and cholesterol values (every extra specimen was associated with a mean increase in cholesterol of 0.03 mmol/l).
DISCUSSION
Summary of main findings
The number of cholesterol tests (total cholesterol, triglycerides, and HDL cholesterol) performed in Oxfordshire fell briefly then rose dramatically over the past 20 years, with a more than 15-fold increase
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H Doll, B Shine, J Kay, et al e85 overall and a 7-fold increase over the last decade. The fall and rise appear to follow closely the publication of systematic reviews, trials, and guidelines. Most of the increase is associated with requests made by primary rather than secondary care, from an increase in testing of older rather than younger patients, and from an increase in the number of tests for monitoring purposes rather than case finding or cardiovascular disease risk assessment. Over the last two decades, the estimated proportion of tests for monitoring has more than doubled from 28% to 61%. Similarly, the proportion of all tests in this dataset that are potentially unnecessary was estimated to be between 17% and 47% in 1987-1989, 
Strengths and limitations of the study
The strengths of the study include the single electronic database with records of laboratory tests conducted in most of Oxfordshire (and surrounding counties for tertiary care) going back to the mid1980s. The high proportion of patients who could be identified reliably using their NHS numbers allowed patient data to be linked over time, estimation of the proportion of tests during each 3-year period conducted for monitoring rather than diagnostic purposes, and, based on recent evidence-based recommendations, 6 ,27 the proportion of tests that may have been unnecessary.
The study has some limitations. First, patient identification was imperfect: in earlier years in particular it relied on name, sex, and date of birth. Second, the use of frequency of testing to determine which specimens were obtained for monitoring and which were obtained for diagnosis is subject to error. While the use of name, sex, and date of birth to match patient records with no NHS numbers means that the repeat rate may have been underestimated because of failure to match people with slightly different spellings of names or extra given names (for Ann versus Ann Margaret), equally, some tests may have been repeated for reasons such as the lack of a fasting blood sample, patient movement between practices, or, for patients admitted to secondary care, repeat of a test already undertaken in primary care. Third, there was no information about the patients' histories and risk factors, and it is not known which patients were on treatment and whether or not their target level of cholesterol was reached. Thus, it is not possible to adjust for these factors, all of which would influence monitoring intensity. Fourth, a change in the calibration of the testing around 1993 led to an artificial fall in reported 1987-1989 1990-1992 1993-1995 1996-1998 1999- cholesterol levels. 30 Fifth, these data represent only the specimens requested by GPs and hospitals within the region and do not represent population values for Oxfordshire. Sixth, there is no information on cholesterol measurements undertaken in other laboratories, or with point-of-care devices, or of their contribution to changes in laboratory activity.
Comparison with existing literature
The modest fall in the number of cholesterol tests in the early 1990s followed by the rapid rise in the late 1990s coincides with journal publications and the advent of statin treatment (Figure 1) . The fall appears to reflect the questioning of cholesterol treatments, notably the call for a moratorium on cholesterol treatment published by the British Medical Journal. 31, 32 At that time, no clinical trial convincingly showed that reducing cholesterol levels decreases mortality, with many clinical trials 33 and, particularly, observational studies, 34 reporting associated increases in noncardiac mortality. Even though studies such as the Framingham Study, 35 the Multiple Risk Factor Intervention Trial, and the World Health Organization European Collaborative trial 36 demonstrated the link between high blood cholesterol and CHD, and specific migrant studies showed the effect of environmental change in raising cholesterol levels with associated higher rates of CHD, 37 the high prevalence of raised cholesterol levels suggested to some that such levels were biologically normal. 38 The rise in testing appears to follow the publication of three clinical trials in the mid-1990s, with an initial slight increase following the 1994 publication of the Scandinavian Simvasatin Survival Study, 14 the first trial to show that a statin could improve survival in CHD patients. Further rises occurred after the 1995 publication of the West of Scotland Coronary Prevention study 15 -the first trial to show effectiveness in the primary prevention of CHD among those with high cholesterol levels -and the 1996 Cholesterol and Recurrent Events trial, 22 which showed beneficial effects in those with CHD and moderate cholesterol levels. The rise in testing continued with the Joint British Societies' guidelines in 1998, 7 the UK National Service Framework for CHD in 2000, 39 and the publication of other trials such as the 1998 Long-Term Intervention with Pravastatin in Lipid Disease trial, 16 and the 2002 and 2003 publications from the Medical Research Council/British Heart Foundation Heart Protection Study, 20, 21 together with the UK expiry of the simvasatin patent in May 2003.
The particularly high relative increase in the number of HDL cholesterol tests requested (Figure 2) 
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Original Papers 1987-1989 1990-1992 1993-1995 1996-1998 1999- 8, 40 which probably reflects a regional effect. 8 The levels are, however, close to those suggested by the National Service Framework for CHD of a cholesterol target of <5.0 mmol/l for both primary and secondary prevention of CHD. 39 More recent guidelines suggest a target for total cholesterol of <4.0 mmol/l for high-risk individuals. 41 
Implications for future research and clinical practice
Patients who do not comply with treatment regimes constitute around 25% of those prescribed statins in primary care, 42 and up to 85% of those who have received more than 5 years of therapy. 43 Regular checks can be used to monitor and enhance compliance as well as assess the success of the prescribed therapy, 41 and associated lifestyle interventions, such as dietary modification and increased exercise. 44 While any reduction in frequency would need to be undertaken in the context of associated patient-centred prevention strategies, 45 the large proportion of tests for monitoring estimated to have been conducted in recent years is likely to reflect current treatment guidelines which recommend frequent monitoring of lipid levels for patients on lipid-lowering therapy. 26 This frequency has recently been questioned using data from large treatment trials, 6 ,27 although these observations have yet to impact on treatment guidelines. While the QOF requirement for patients on 'at risk' registers to have one annual cholesterol test may be a barrier to evidence-based change in practice, there is some evidence from this study that the QOF curtailed the rapid increase in cholesterol testing.
There appears to be considerable over-monitoring that may not benefit patients, while also straining laboratories and incurring considerable economic costs to the NHS and personal costs to patients. The current NHS system, whereby the local primary care trust pays laboratories for testing on behalf of their practices, and where most of the tests are done under a block contract that only partially reflects activity, does not necessarily encourage GPs to limit their use of this resource. The rise over the last two decades in the proportion of tests for monitoring, combined with the estimated large proportion of all tests that may be unnecessary, suggest there may be scope in some stable patients to reduce the volume of lipid testing, with potential benefits for the NHS, laboratories, and clinicians, and, moreover, for the individual patients.
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